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NATIONAL ADVISORY COMMITTEE FOR AJXRONAUTICS 

FUGHT ~ S T I G A T I O N  OF THE LOW-SPEED mm.Amrsmcs 
OF A 45' SWET-WING FIGHTER-TYPE AIRPLANE 

Ey Hervey C. Quigley,  Seth B. Anderson, 
and  Robert C . Emis 

A flight  investigation has been  conducted to determine  the low- 
speed  flight  characteristics of a 45O swept-wing  fighter-type  airplane 
with  boundary-layer  control on the  trailing-edge  flaps.  The  effectiveness 
of the  flap  with  and  without boundary-layer control wa8 determined  in  con- 
juction with the standard slatted  leading  edges, a fixed  slat  drooped lgo, 
and  the slats locked  closed. The study also included  low-speed  flying 
qualities  and a pilot  evaluation of the  operational  use of the  boundary- 
layer  control  system  in  landing  approaches.  Performance  corngutations 
were  made  for  take-off,  climb, and landing. 

The results  showed  that blowing air over the flap deflected 45O for 
the  landing-approach  configuration  increased  the 1st coefficient  from 
0.71 to 0 -87. Maximum lift  coefficient was increased  from 1.14 to 1.26. 
Improvements  in  performance  were  indicated for landing.  Pilots * evalua- 
tion  showed  reductions in average  landing  approach  speeds  as  much  as 
14 hots due to boundary-layer  control.  Improvements  were  noted  in  the 
over-all  low-speed  flying  qualities of the  airplane  due  to  boundary-layer 
control. 

The  need  for improving the  low-speed  flight  characteristics  of  high- 
speed  airplanes  is  well known. The NACA for a number  of  yeaxs has made 
studies  of  current  swept-w3ng  airplanes  equipped  with  boundary-layer 
control  to  improve  the  low-speed  lift  characteristics.  Flight hvestiga- 
tions  of  blowing-type  boundary-layer  control on the  trailing-edge.flaps 
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of an F-86 type  alrplane  which has a 35' bwept W h i g  and a-wiG thickness 
of 10 percent  are  reported in references 1 and 2. In order  to  extend 
the  studies  to wings of  greater  sweep and: reduced  thickness, an investi- 
gation was conducted  on a modified  F-lOaAiairphne  with  blowing-type 
boundary-layer  control on the  trailing-edge flaps. 

- 

The investigation  consisted of flight tests to determine  the  effect 
of boundary-layer  control on the low-spee$ lift and drag characteristics, 
the  low-speed fly- qualities,  the  landihg  appraach  characteristics, arid 
the  computed  take-off and landing  performftnce,. The 
investiation  are  reported  herein. 
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NOTATION 

wing span, ft 

boundary-layer  control 

drag  coefficient, - ss 
D 

center of gravity 

lift coefficient, - L 
ss 

increment  of  lift  due to flaps 

maximum lift  coefficient 

momentum  coefficient, 

number of cycles  for  oscillation to damp to 

drag, lb 

acceleration of gravity, 32.2 ft/sec2 ' 

nozzle  height,  in. 

lift, lb 

m e a n  aerodynamic  chord 

engine  speed,  percent 

I 

. .  
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half: amplitude 
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r o ~ l ~ n g  velocity,  raaians/sec 

period,  sec 

free-stream dynamic pressure,  lb/f t? 

w i n g  area, sq ft 

engine  thrust 

time for oscillations  to damp to half' amplitude,  sec' 

true  airspeed,  ft/sec 

ainhum comfortable  approach  speed,  knots 

equivalent  side  velocity, E 6, ft/sec 
57 -3  

indicated  airspeed,  knots 

velocity of blowing jet assuming isentropic expansion, ft/sec 

stalling  speed,  knots 

weight  flow of engine  bleed air, lb/sec 

gross weight 

mgle of attack,  deg 

sideslip  angle,  deg 

increment of military thrust  available minus thrust  required 

ratio of total  pressure  at  compressor  to  staadard  sea-level 
pressure 

aileron deflection,  deg 

flap  deflection normal to hinge llne, deg 

horizontal -tail angle,  deg 

ratio  of  total  temperature  at  compressor  to standard sea-level 
temperature 

friction  coefficient 
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P mass density of air, 

(I air  density  ratio 

cp angle  of  bank,  deg 

NACA RM A58E05 

amplitude  ratio of the angle of ba& to equivalent  side  velocity I $1 in  the  oscillatory  mode,  deg/ft/&ec 

EQUIPMENT AND TESTS 

Airplane and  Boundary-Layek-Contrd.  Flap 

Airplane .- A 45' swept-wing f ighter-the airplane  (modified F-IOOA) 
was used for this  investigation. A two-view  -sketch of the  airplane is 
shown in figure 1 and a photograph of the  Airplane. dying landing  is shown 
in  figure 2. Table I presents  the  geometric data f o r .  the  test  airplane. 

All modifications t o  the  airplane to incorporate  the  trailing-edge 
boundary-layer-control  flap  were  designed  &nd  constructed by North  American 
Aviation,  Inc.,  under  Air  Force  Cantract. 

Trailing-edge  flap.--  The  trailing-edg& f h p  was a plain type with a 
blowing  nozzle on the  flap-radius.  Figurei3 is a photograph of the  flap. 
A cross-sectional  sketch  of  the flap showFng  the  nozzle  posltion  is  pre- 
sented in figure 4. The  nozzle was continu~us ~CI-086 the span of the 
f l ap .  The  nozzle  height was nominally 0.035 inch  with no pressure in the 
duct.  However,  under  pressure and elevated  temperature the nozzle gap 
increased  appreciably. ( A t  maximum engine,speed  the  mean gap increased to 
about 0.060 inch. ) 

. .. 

Ducting  and  bleed  air .- A i r  f o r  the  bdundary-layer  control  system 
was  bled  from  the  last  'Stage of the  high-p$essure  ccnniressor o f  the 557- 
engine.  The  details of the  ducting  from tkie' engine  bleed ports to  the 
flap  nozzle  are shown i n  figure 5. The vdve to  control  the  flow  of 
bleed  air was located in the  ducting  between  the  engine and flaps.  The 
valve  gate  was  positioned by a pneumatic system controlled  by a mechanical 
connection  to  the  flap  actuating  system,  the  boundary-layer  control  shut- 
off  solenoid, or the  throttle  override solduoid.- When  the flap deflection 
was 20° or mer, the  valve  gate  was fully &n. The  valve  gate  was  posi- 
tioned to an intermediate  position by the  throttle  override  solenoid  when 
the  throttle was advanced  past a throttle  s'etting for about 94.5 percent. 
The valve gate  was fully opened  .at  throttle,  settings  above  about 94.5 per- 
cent  by  placing  the  pilots ' throttle  override  cutout  switch to the "off" 
position. . . I . .  . - 

" . . 
I 

". .. . 
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The  weight  flow  of  bleed  sir  extracted from the engine at various 
engine  speeds  is  shown in figure 6. The  thrust loss due  to  engine  bleed 
air  is  shown in f Fgure 7 -  These data were  obtained on a thrust  stand  and 
include  the  thrust  effects of the  blaring  nozzle  with  the  flaps  deflected 
45O. The  weight  flow of bleed  air  and  resulting  thrust loss at  high 
engine  speeds  were  greater  than  design  because of the  increase in nozzle 
gap  with  pressure. Also show in f igwes 6 and 7 is  the  effect  of  the 
intermediate  valve  setting when the  throttle  override  solenoid  is  actuated. 
The  intermediate  valve  setting  reduced  the  bleed  air  extracted  at maximum 
power  (95.5percent  engine  speed) from the  engine by 1.8 pounds per  second, 
thereby  making 220 pounds  more  thrust  available for take-off or wave-off 
than  would be available  with a fully open  valve.  The  intermediate  valve 
position  for full throttle  operation w a s  the normal psition; the full 
open valve  position  at full throttle  was used only to obtain high  momentum 
coefficient  data. 

Instrumentation and Tests 

Instrumentation.-  Standard NACA recording  instruments  were  used  to 
record  airspeed,  altitude,  acceleration,  angles  of  attack  and  sideslip, 
control  positions  and  forces,  airplane angular velocities,  and  duct  pres- 
sure  and  temperatures.  Free-stream  total  and  static  pressures  were  taken 
from  an  NACA  swiveling  airspeed  head  mounted on the  end of a boom ll feet 
ahead of 'the  nose M e t  of the  airplane. The angle-of-attack  vane  and 
yaw  vanes  were  mounted  on  the  boom 9 feet  ahead  of the nose inlet.  The 
airplane  static  pressure was calibrated  from 200 to 130 knots  by  the 
fly-by  method  and  the data extrapolated  to  lower  speeds.  Calibrated 
pressure  probes in the  ducts  near  the  flap  roots  were  used for obtaining 
measurements  to  compute  bleed-air  flow  and  momentum  coefficient. 

A photo  panel  was  used  to  record  engine  speed  and  tail-pipe  tempera- 
ture,  free  air  temperature,  and fuel quantity.  Photographs  of  tufts  used 
for  flow  visualization on the  flap  and  wing  were  obtained from an exter- 
nally  mounted  camera  gear  the  tail  and an internally  mounted  camera  aft 
of the  cockpit,  respectively  (fig. 2). 

Tests.-  The  flight  tests  were  conducted  between sea level  and 
10,000 feet  altitude  and  between 200 knots and  minimum  flight  airspeeds. 
The We-off wing  loading was 64.4 pounds  per sqwre foot  and  the  landing 
wing  loading  was  considered  to be 55 pounds  per  square  foot.  The  center 
of  gravity  varied  between 0.38 M.A.C. at take-off  to 0.294 M.A.C. at  the 
landing  wing  loading. 

The majority of the  tests  were  conducted  with  .flaps  deflected 45'; 
tests  were also made at  flap  angles  of Oo, 35O, 40°, and kg0. (Flap 
construction  limited  the  flap  deflection  to kg0.) 
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The  standard F-100 leading-edge  slats  which have a deflection  of 15O 
were  used  for all except  two  series of test&,  one..with  the  slats.locked 
closed  and  another  with  the  slats  deflected 3-9'. For the 1g0 slat  con- 
figuration  the  slat  tracks  were  removed  and  the.  slats  were  attached  to 
the  wing  with  brackets. 

The stalling and  landing-approach  chara$teristjcs of the airplane 
were  determined by evaluation  flights  by  four  Ames and two Navy pilots. 
Field  carrier-landing  type  approaches  were  used  for  the  landing-approach 
evaluation  and  were  made  with  the  aid  of  either a Navy landing signal 
officer  or a mirror  landing  aid. 

Lift and Wag Characteristics 

Effect  of  boundary-layer  control on flap  lift  and maximum lift.- 
The  effect  of 450 flap  deflection  with  and  +ithout  boundary-layer  control 
on the  trim l i f t  and drag  coefficient d a t a  are  presented  in  figure 8. 
These data were  obtained  w5th  the  engine  pow.er  set  for..that  required for 
level  flight  near  approach  speed. The data. show a substantid. increase 
in  flap  lift  increment  and a moderate  increase in maximum lift  coefficient 
due  to  boundary-layer  control. 

The  flap  lift  increments  with and without  boundary-layer  control  are 
shown  in  figure 9 .  These data, a cross  plot'  of  figure 8, show that  the 
flap  lift is doubled  at a = 12O (assumed  apLproach a) as a result of 
boundary-layer  control. The flap  lift  increinent  with  boundary-layer 
control  increases  a6  angle af attack  increases up to  about 20' angle of 
attack prharily because of the  increase  in  marieritum  coefficient  as  speed 
is  decreased. -. I 

"he  flap  lift  increment  increases  lineakly  with  increases in flap 
deflection  for an -.e of attack  of l2O and with .power for  approach  as 
shown in figure 10. These  data  indicate  tha$ near theoreticd  flap  lift, 
as  computed from the  method of reference 3,- kis realized  up to kg0 flap 
deflection. . .. - r ,  . . -  . 

With  the  standard F-100 slatted  leading-edge  the  boundary-layer- 
control  flaps  increased C h  by. 0.12 and Peduced  the  angle  of  attack 
for C b  about 4' as  shown  in  figure 8. i .  . : .  . .  . . .  . . . -  

. .  . .  

Effect  of  wing  leading  edge  on  lift and: drag.- To determine  the 
amount  of  leading-edge stall protection  affeged by €he  slats  the  airplane 
m.6 flown  with  the  slats  locked  closed  and  wtth  slats  drooped 19'. Fig- 
ure ll presents  the l i f t  and  drag  cge_ff.icien$  data for the  configuration 
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with  the  slats  locked  closed.  These data show  that  the  flap  lift was not 
affected  by  the  slats  but  the  gain In maximum lift  coefficient  due to the 
slats  varied  with  the  flap  configuration.  With  boundary-layer  control 
t h e  slats increased maximum lift  coefficient 0.3 while  without  boundary- 
layer  control  the hprovement was 0.24 and  with  flaps  undeflected on ly  
0.15. These  data  emphasize  the  fact  that  as  flap  lift  is  increased  the 
requirements  for  leading-edge stall protection  are  increased also. 

One  flight  test was made  with  the  slats  fixed  at 19' deflection. 
The  lift  and  drag data for  this  configuration  are  presented in figure 12. 
These data show that  the  boundary-layer-control  flap  lift  is  lower  and 
the  drag  higher  with  the 19 slats  than with the  standard 15O slats. 
Tuft  studies  of  the  air flow over  the wing indicated  that  the  air  flow 
behind  the  slats  was  rougher  with  the 3-9 slats than with  the  standard 
slats.  The  rough flow with  the 19 slats was probably  caused  by  the 
large  fixed  brackets  used  to  attach  the  slats to the w i n g .  This rough 
flow ahead of the  flap  was  believed  to  be  responsible  for  the  decrease 
in flap  lift  with  boundary-layer  control. The highest  lift  coefficient 
obtained  with  the 19 slats was not 88 high &s C~_lmsx with  the normal 
slatted leading edge.  Euwever,  with  the 1g0 slat  configuration  the mini- 
mum flight  speed was llmfted  by  instability  about a l l  three  axes  and 
possibly was not attained. 

The  effect of momentum  coefficient, CP, on  lift.-  The  variation  of 
lift  coefficient  with  momentum  coefficient is shown in  figure 13  for 
various angles of  attack.  The data for  the  basic  flap  configuration show 
that there was no rapid  change in slope  which  would  indicate a Cp for 
flow  attachment.  Tuft  studies  of  the  flow  over  the  flap  indicated that 
the  area8  behind  the  hinge  and  actuator  cutout8 on the f h p  radius 
(fig. 3) required a higher Cp value f o r  f l o w  attachment than the  rest 
of the  flap.  However,  for  the  modified  flap  (cutouts  covered)  the  tuft 
studies  indicated  that  the  flow  over  the  flap was more  uniform. It can 
be seen from  the data in figure 13  that  except  at  the  highest Cp values, 
the Cp for a given CL is  less  wTth  the  modified  flap  configuration 
than  for  the  basic  flap.  These  data  graphically  illustrate  the  need  for 
a smooth  flap  radius if flow requirements  are  to  be minimized. 

Effect  of  engine  speed on lift  and momentum coefficient . - Since  air 
flow  through  the  blowing  nozzle was determined only  by  nozzle  area  and 
pressure,  the  momentum  of  the  air  a8  it  left  the  nozzle  depended on engine 
speed  and  altitude.  Figure 14 shows the  variation of Cp with  engine 
speed  at Q, = 1. The  large  increases in Cp with  engine  speed  at  the 
high  englne  speeds  were  due to the  nozzle  area  increasing  as  duct  pressure 
increased  as w e l l  as to the  engine  compressor  characteristics.  The  manentum 
coefficients  above  an  engine  speed of 85 percent  were  higher  than  would 
be  considered opt- since  the  change  in  flap  .lift  with  momentum  coeffi- 
cient  above a Cp value of 0.008 is mall (see  fig. 13) . 
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In figure 15 the  variation of 1 s t  cciefficierct  with  percent  engine 
speed  is  presented  for 120 angle of attack.  It can be  seen  from  these 
data  that  for  the  range of engine  speeds-f:or  approach (88 to 92 Fercent) 
the  lift  coefficient  varies  linearly  with  :engine  speed. A reduction  of 
lift  with a reduction  in  engine  speed  give16  the  pilot an additional  means 
of  controlling  the  landing  touchdown point. Also, a smooth  change in lift 
with  engine  speeds may be a desired  characteristic in the  control  of  the 
glide  path  during  landing  approaches. 

, .  

I 
. .. 

- 

Low-Speed Handl ing  Qhlities 

" 
" 

.. . 

The  low-speed handling qualities of the  airplane  were  investigated 
both  with  and  without  boundary-layer  contr'ol and in some  instances  with 
flaps  retracted.  The  consensus of the Arne's pilots was determined. All 
the  pFLots  who f l e w  the  airplane  during this investigation-considered 
the  over-all  handling  qualities imprwsd w$th the boundary-layer  control. 
The  numerical  rating system used  by  the  pflots  is  shown  in  table 11. 

" 

.. . 
" 

." ." 
" 

" 

.. ..3 - 
.. - 

Static  longitudinal  stability.-  The  stick-fixed  and  stick-free  static 
longitudinal  stability'was detemined by  mkasuking  horizontal-tail  angles 
and  stick  forces  in  steady  flight.  The  variations  of  horizontal-tail 
angle  and  stick  force  with  lift  coefficient.  are  -presented. in figure 16. 
The  stick-fixed data show  that  the  stability  is  positive  at  the  lower CL 
and  becomes  neutral  and  negative as &: is  approached.  With  borihdary- 
layer  control  the  lift  coefficient for neutral  stability was increased 
0.12. Stick-free  stability  is similar to stick-fixed  stability  because 
control  forces  are  obtained  by  means of a bungee in the  longitudinal 
control  system.  Static  stability  values  wkre  not  obtained  near C h  

because of inability of the  pilot  to  determine  the  proper  control  position 
for trim. ! 

__ 

. " 

. . *  
." " 

" 

L- -_ a 

The  pilots  noted  the  static  longitudipal  stability and control  in 
the  landing  approach  speed  range to -be acc&tabJe.-xut-  witbIepleasant 
characteristics  (numerical  rating  of 4) .  The  following  unpleasant  char-- . 

acteristics  were  noted by the pilots: (1). The  response  to  control seemed 
sluggish  and  required  large  motions; (2) two  control  inputs  were requires, 
one  to  start  pitching  motion,  another  to s$op the  motion; (3)  the  pitch-up, 
although  considered-mild  and  controllable,:  wa.s  undesirable.because of 
proximity to maximum lift; and (4) the lack  of sufficient nose-up trfm 
with  boundary-layer  control  off wag considkred  wisatisractory. 

. .. 

" 

. "- 
" 

. .  

. .  
- .";. 
" - . .  

Trim changes. - The trim  changes  accor@riflng  lowering  the flaps, ... . - 1 -  

and  turning on the  boundary-layer  control  at 170 knots  while  holding 
altitude  constant  are  -noted i n  the  following  table: 

" . 
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Lnitial  trim  condition 

1 sf, deg  Pitch  correction 

0 

Off 0 

on 

O I  
off 

;onfiguration  change  Forc 
E f  , deg 1 Bu= Peak 

45 

45 

45 

45 

off 

on 
Off 

on Push 
20 

s, lb 
Steady 

pull 
10 
Pull 

8 
Push 

8 
Push 
18 

The  airplane  was  equipped  with a pitch  corrector  which  would  decrease  the 
tail angle  by 4' as the  flaps  were  lowered.  With  the  pitch  corrector 
operating,  the trim forces accompnying lowering  the  flaps  with  and  wLth- 
out  boundary-layer  control  were  within  the  10-pound limit sgecified in 
reference 4. Without  the  pitch  corrector,  the  trim  forces  exceeded  the . 10-pound  limit. The pilots found the push forces  required  to  maintain a 
constant  altitude  to  be  abnormal  and  undesirable  when  lowering  the flaps 
with  boundary-layer  control. 

Dynamic  longitudinal  stability.-  Figure 1'7 shows  the  period  and 
damping of the  short-period  longitudinal  oscillation  variation  with  air- 
speed .- It can be  seen  that  the-period  increases  sharply  at  the  lower 
airspeed.  The  airspeed  at  which  the sharp hcrease in period  occurs  is 
about 10 knots  lower for boundary-layer  control  than  without.  There  is 
little Uference in time  to damp to half amplitude  between boundary- 
layer  control on OT off,  but  with  boundary-layer  control  the  cycles to 
half amplitude  are  greater.  The  pilots  considered  the m i n g  satisfac- 
tory  and  essentially  the  same  with  and  without  boundary-layer  control. 

Static  directional  stability  and  dihedral  effect.-  The  static 
directional  stability  and dihedrd effect  were  checked by flying the  air- 
plane in steady sideslips.  These data (fig. 18) for 145 h o t s  airspeed 
show the  variation  of  rudder and aileron  position  and  force  with  sideslip 
angle. The data  indicate  that  for a given  sideslip  angle, a lower  aileron 
and a higher  rudder  deflection  are  required  with than without  boundary- 
layer  control.  This  is  consistent  with  the p i l o t s '  report  that  static 
directianal  stability was better  with  boundary-layer  control  but  the 
dihedral  effect  seemed  less. 

Railing performance.-  The  rolling  performance  was  improved  appreciably 
by  the  application  of  boundary-layer  control  to  the  trailing-edge  flap. 
In figure 19 the ro1-g performance  with  and  without  boundary-layer 
control on flaps deflected 450 and with  flaps  retracted is cmpared 
Figure lg(a) shows  the  variation of pb/2V  with  airspeed  for  about 
three-quarter  and  full  aileron  deflection,  and  figure  lg(b)  shows  the 

- 
- variation of pb/2V  with  aileron  deflection  at 170 hots. These  data 
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show a 30-percent  increase in aileron  effectiveness  due to boundary-layer 
control.  'Phe  pilots ' rating  of  the  lateeal  control  was  increased  from 
the  numerical  rating of 3 (satisfactory, put with sane mildly unpleasant 
characteristics)  with  boundary-layer  cori%rol off to 2 (good,  pleasant to 
fly) with  boundary-layer  control. 

. -  

Adverse yaw.- The  adverse  yaw  due  td  afleran  deflection was deter- 
mined  by  deflecting  the  aileron  various  ainounts in flight  and  measuring 
the maximum sideslip  angles  which  develoied.  Figure 20 shows the  varia- 
tion  of  sideslip  angle  with  aileron  defle'ctian in ralLs  at  approximately 
140 knots. The data indicated  that  the  4dverse yaw was low with.  little 
change  due  to  boundary-layer  control. 

Lateral  oscillatory  characteristics.:-  The  period and damping of the 
lateral-directional  oscillation's  excited by a rudder  kick  or  release  frcdn 
steady  sideslip  are shown in  figure 21. Figure 2l[a) shows the  period, 
damping-parameter ( l / C l / 2 } ,  and rolling-meter. f ' P I  /Ive I >  variation 
with  airspeed.  These data indicate  that 'at a constant  value  of  airspeed 
only smal l  changes in the  period  occurre6  as a result  of  boundary-layer 
control;  however,  the  damping  as  measurea;  by. 1 / C . 1 / 2  was  less  with- 
boundary-layer control on. In figure U ( b )  the damping p&rmeter, 1/C1/2, 
variation wlth rolling  parameter, I 'pi / I  Ve I , is shown dong with  the 
requirement  specified in reference 4. Thkse data show that  with  boundary- 
layer control  the  damping is only slightly  above the requirements for  air- 
planes  with y-aw damper-  inoperative.  (Thig  airplane . m s  not  equipped  with 
a yaw damper.)  The  pilots  rated  the damp$ng of Lateral  directional 
oscillation  characteristics  acceptable but with  unpleasant  characteristics 
(numerical  rating of 4). 

The pilots'  opinions of the  changes in the  lateral-directional 
characteristics  due  to  boundary-layer conhol a r e  summarized  as  follows: 
(1) The  dihedral  effect  appeared-lees; (2) the damping was less  but 
control  was  better,  which  makes  the  airplane  easier  to  fly in rough  air.. 
This w&s perhaps  due to the  improved  aileron  effectiveness  and  better 
static  directional  stability. 

. .  

Stalling  characteristics .- The  stalling  characteristics of the 
airplane  with  the  standard  slats  were  determined at about 10,000 feet . 

altitude. As minimum  flight  speed was apbroached,  there  was a deteriora- 
tion in stability  about d l  three  axes aflh an increase  in  the  rate of 
sink. The  airplane  did not  have a definite stall which  was  identifiable 
by  the  pilots.  However,  the  lift  curves  (fig. 8) showed a peak which 
could  be  considered C b x .  Stalling  speeds  based  on  these C b x  values 
have  been  computed,  assuming  thrust  requi$ed f o r  ahroach'speeds and 
22,000 pounds gross  weight,  and  are  sbwii'in-the-following  table. 

... 

.. . 
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Configuration  Computed stall 
6,, deg" BLC '%ax speed, bots 

45 on 1.26 108.5 
45 off 1.14 lJ-4 -5 
0 None 1.07 117 -5  

The  landing-approach  characteristics  of  the  airplane  were  evaluated 
by four NACA and  two B a d  Air  Test  Center  pilots.  The  evaluation  by  the 
H a w  pilots has been  reported  in  reference 5.  

Field  carrier-landing  approaches w e r e  used in the  landing-approach 
evaluation.  The  carrier-type  approach was used f o r  this  evaluation in 

pilot's  evaluation  included  at  least  two  period8 of field  carrier  landings 
made  with  the  assistance of either a landing  signal  officer  or a mirror 
Landing  aid.  From  the  evaluation, a min-lmum comfortable  approach  speed 
was  selected  and  reasons  were deterdned for  not  reducing this speed 
further.  The  approach  speeds  are  listed in table III, where  they  are 
presented  both i n  hots and  as a multiple of the  computed s t d U n n  speed 
(based on G). Included  for  comparison  purposes  are  the  results  of 
the  two Naval Air  Test  Center  pilots who  also flew  the  airplane (ref. 5). 
Based on the  results  of  the  three  pilots  who  evaluated  the  airplane  with 
the  flaps  up,  it  appears  that  the  flap eone not on ly  reduced  the 
approach  speed  by U. to 12 h o t s ,  but a l s o  reduced  the  ratio of approach . 
speed to computed stall speed  by a decrement of 0.05.  With  the  applica- 
tion of BLC to the  flap,  each of the  pilots  was UlLlFng to further  reduce 
hi6  approach speed by 7 to 14 knots. Again  the  speeds  chosen  rep- 
resented  either  the  same  or a lower  percentage  of cmpted stalling 
speed.  Because of the  large  variance in their  choice  of  approach  speeds, 
the NACA pilots  have  been  divided  into  two  groups in table III. The 
pilots in group I chose  the  higher  approach  speeds  and  seemed  to  gain  the 
greatest  benefits from BLC, while  those in group I1 were  apparently  com- 
fortable at lower  speeds  but had smaller  decrements in amroach speed 
when  boundary-layer  control was applied.  Table N lists  the  primary  and 
secondary  reasons  given  by  the  pilots  for Umiting their  approach speeds. 
The  primary reasons are  those  that  basically  prevent  the  pilot  frcm 
further  airspeed  reductions,  while  the  secondary  reasons  are  those  that 
may modify  slightly  his  choice of approach speed. The most prevalent 
reason  given  for  limiting  approach  speed  was  the  ability to arrest a sink 

buffet,  and low remaining thrust-to-weight  ratio  were  given as primary 
Influences on the  pilots'  choice of approach  speed.  With  the  application 

ratio  available. 

order  to  eliminate as  may varhbles in the  approach as possible.  Each 

% rate,  although many other  factors seemed to  be  present.  Stability, 

5- of RLC, all. of these  were  improved  with  the  exception  of  thrust-to-weight 
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Figxre 22 is a plot of lift  coeffici;ent  versus  angle  of  attack for 
the  three  configurations  as  measured in flight.  The  lift  coefficient 
corresponding  to each pilot's  choice  of  approach  speed has been  marked 
on the  curves. Fram this  figure  it  can  ?e  seen  .that  the  6elected  approach 
angle  of  attack  with  flaps  down  was  less  ;than yith figs I@ and the  addi-. 
tion  of  boundary-layer  control  tended  to  ;reduce  the.selected  angle of 
attack  even  further. -This would  account $.or the  comments.  made by some 
of  the p i l o t s  that  with  the  flaps  down  aqd BLc.on, visibility was buproved 
during  the  approach.  -Figure 23 shows  the  variation of drag  with  velocity 
for  each cmfiguratim and  includes a plot of thrust  available f o r  'both 
BLC on and  off. Tbis plot is of military  thrust  and  does  not  include 
afterburning  as all of the  pilots  indicated  that  they did-not lLke  to 
rely  on  the  use  of  the  afterburner  exceps  in  an  emergency.  The  difference 
in  thrust  is  largely  attributable  to  the  jextraction of engine  compressor 
air for the BLC system. It Fs CCE. interedt-to  note  the  position of the 
pilots'  approach  sgegds in relationship.;o  the.minim.g  drag  points. 
While  the m i n i m u m  drag  point  moves  in a qirection  consis'c'ent  with  the 
change in approach  speed,  little  direct  7orrelation.between  the  two  is 
evident.  It  can  be seen-that with  the  applicatioq of boundaq-layer 
control  to the flap,  the  curve  of drag versus velocity  is..  not only trans- 
lated  t.0 a lower  airspeed,  but  is also rotated. As the  a-hspeed varia-. 
tions  associated  with  changes  in w e  a$ attack a r e  directly  related $0 
the  magnitude of the  slopes  of  these cuqesA Fmproved  speed  stability Ls 
indicated  with BLC. . .  

I -  

It was noticed  that  considerable  spread  existed in the  choice of 
approach  speed  between  the .p i lots  in groyps I and 11. In an effort t r  
determine.the  reasons for this-spread, several- diecussionb  were  held 
among the  evaluating  pilots.  While there will  always  be a difference 
between  indivlduals'choice Clf what  they  consider to be a minFrmun comfort- 
able  approach speed;in this  case,  it wa6 generally  concluded  that  two 
different  techniques  or  concepts  were  uskd. The pilots.  in group I while 
using  the  basic  principles  of  making a pyecision  approach,  that  is,  using 
throttle  t.o  control  altitude and longituqinal  control to cont ro l  airspeed, 
felt  that  they  desired a margin of airspeed.which  could  be  used in 
maneuvering. This margin  was  such  that  they  could  arrest a moderate  sink 
rate or pull-up  to gain an arbitrary amokt of altitude, add .&ottle &d 
be  able  to  maintain  this  altitude. This i ability to maneGver was dependent 
not  only on the  lift  and  drag  parameters:of the airplane,  but also upon 
stability  and  control  characteristics.  @uch.things  as  lack  of  trim, poor 
static  longitudinal  stability,  low  damping  and-sluggish  response  to 
controls  tend  to  reduce  both the speed &d magnitude  of  the  pilots * - 

control  motions. This in turn, of cours$,.affects  maneuverability.  The 
pilots in group 11, oa the  other hand, relied s a l e l y  on throttle for 
altitude  control using elevator only  to Ginbin airspeed. Thus, while 
three of the four pFlots  gave  ability to: arrest -sink as a primary reason 
f o r  limiting  approach  speed,  group I pi1  ts.were.relying.more on aero- 
dynamic  lift f o r  this, while  group I1 p 9 ,ots were  relyin@; on thrust 
response and thrust-to-weight  ratio avaieble. It should  be  pointed out 

.- - . .  
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that  the  pilots in group I by using  the  latter  technique  were  quite 
capable of making, and in fact  did  make,  approaches  just  as  slow  as  those 
in  group 11. However,  this was below the  level  of  comfort  desired. 
Further  examination of the reasons for  limiting  approach  speed  revealed 
one  reason  why  the  group II p i l o t s  did  not  gain as much  benefit  from 
boundary-layer  control  as  did  the  group I pilots.  The  pilots in group I 
both  remarked  that  with  boundary-layer  control  the  thrust  available  for 
maneuvering (AT/W) was marginal, while  both  group I1 pilots  considered  it 
unsatisfactory.  The reason for  this  is  indicated  in  figure 23 which  shows 
that  with BLC the AT/W was only about 0 .Ob5 at  the  limiting  approach 
speeds . With BLC off N / W  was increased  to 0 .Og? which  one  pilot 
considered  as marginal. 

Performance 

Computations  were  made  from  measured  values  of  lift, drag, and 
engine thrust  to  determine  take-off  distance,  rate of climb,  and  landing 
distance.  The  method  outlined  in  appendix A was used for performance 
calculation  and  is  considered  accurate  enough  for  comparison purposes. 
The thrust loss due to engine  bleed  air  is  considered  where  applicable. 

Take-off  distance.-  The  variations of the  computed  take-off  distances 
with gross weight  are show h figure 24. It  was  assumed  the  attitude at 
lift-off was limited to 12O. The  cornputations  show  that  with BLC the 
ground  distance  was  about 5 percent  greater  than  without BLC. The 
increase in take-off  distance was due  to  the  large  thrust lOS6 from  the 
use  of  bleed  air  for BLC. If the BLC were  left  off  until  unstick  speed 
was  reached,  the  take-off  distance  would  be  reduced  well  below  that  for 
Bz;c on for  the  complete  take-off run. The  computed  total  distance  over 
50 feet  is  essentially  the  same  for €?LC on or off. No attempt  was  made 
to  determine  the  optimum flap deflection for take-off. 

Rate of climb.-  The  rate of clFmb at low airspeeds  was greatly 
reduced  by  use of BLC, resulting in poor  wave-off  characteristics.  Fig- 
ure 25 shows  the  variation  of  rate  of  climb at pilots  approach  speed with 
gross weight.  At  landing gross weight  the  rate of climb is on ly  900 feet 
per  minute  with BLC; however if the  bleed  air  flow  were  reduced 50 percent 
at full  throttle,  this  rate of climb  would  be  improved  about 300 feet  per 
minute. 

Landing  distance.-  The  ground  distances  required  for a landing, 
KLth  the  touchdown  attitude  assumed  1imited.to 12O, are  shown in fig- 
ure 26. These data which  show  the  variation  of  landing  distance  with 
gross  weight  indicate  that.the  ground  distance  would  be  decreased  about 
16 percent  by  use  of BIX!:. 
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CONCLUSIONS 

NACA FM A m 0 5  

The  following  conclusions  can  be  madelfrom  this  investigation of 
blaring boundary-layer control on the  trailing-edge  flaps  of an F-100A 
airplane. 

1. In the  landing-approach  configuration  boundary-layer  control on 
the  flaps  increased the-flap lift increment  by 100 percent (a = 120) and 
& by 0.12 and decreased  the  angle of .attack  for C b x  by 4.5O. 

2. Boundary-layer  control on the flap increased  the 1 s t  coefficient 
for  neutral  longitudinal  stability  by 0 .I2 i 

3 .  The.  rate  of  roll  for  large  ailero@  deflections at 170 knots 
airspeed was increased 30 percent  as a re6q.t of  boundary-layer  control 
on  the  flaps. 

4. Boundary-layer  control  reduced  the  pilot's minimum comfortable 
approach  speed  in  field  carrier ladings by 7 to 14 knots.  The  amount 
of this  reduction was dependent  upon  the  technique  the  pilot  used  in 
maneuvering  during  the  approach.  The  min-  comfortable  agproach  speed 
was limited  primarily  by  the  ability to arrest a sink rate. 

5 .  The  wave-off  characteristics of tqe  airplane  were  considered  by 
the  pilots  to  be  unsatisfactory  with  boundary-layer  control  operative 
because  of  the low value of the  ratio of the  engine  thrust  available 
(without  afterburner) to airplane gross weight. 

6. The  computed  ground r o l l  in landiw was. 16 percent  less with 
boundary-layer  control  than  without. The computed  ground  distance  for 
take-off was 5 percent  more with boundary-layer  control on the f laps  
deflected 45O than  without  boundary-layer  control, &a the computed  total 
distance  over 50 feet  was  essentially  the  same. 

Ames  Aeronautical  Laboratory 
National Advisory  Committee f o r  Aeronautics : 

Moffett F i e l d ,  C a l i f ' .  , May 5 ,  1958 
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METHOD USED FOR pERpORMcLN(=E EfvALuATION 

The  following  equations  and  assumptions  were  used in computing 
take-off distance, rate of c.7.imh, and landing distance. 

(ref. 6 ,  p.  2). 

A i r  distance = 

(ref. 7, p. 3) where 

Qg = drag  coefficient during ground run (a = bo) 

C L ~  = lift  coefficient  during ground run (a = bo) 

c@O 
= lift  coefficient  at vr0(a = 120) 

D = drag at VG 

T = take-off thrust (with afterburner) 

p = 0.02 

cf = ratio of density to sea-level value 
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Rate of climb: 

where 

Vc = approach  velocity,  ftjsec 

T = take-off thrust (withaf terburner)  

D = drag a t  Vc . .... .- 

Landinn distance: 

NACA RM A5&05 

(ref. 6 ,  p.  2) where 

C D ~  = drag  coefficient  during @mi.md (u = 4 0 )  

Rg = lift coefficient during ground run (a = bo) 
. .  . " . 

cmD = l i f t  coefficient a t  touchdown (a = 12O) 
. .. ." I 

p = 0.4 . .  

To = thrust a t  idle engine  speed ." 

" --+ 

. .. . -. - 

- 
- . . .  

.- i= 
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[ W i n g  
' Airfoil  section . . . . . . .  .- . . . . . . . . . . . . .  NACA 64Am7 

TOM area, sq ft . . . . . . . . . . . . . . . . . . . . . . . .  400.2 

Mean aerod;vnamic  chord, ft . . . . . . . . . . . . . . . . . . . .  ll.2 
Taper  ratio . . . . . . . . . . . . . .  ;. . . . . . . . . . . . . .  i 0.26 
Aspect  ratio . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.72 
Sweep  at 0.25 chord line, deg . . . . .  :. . . . . . . . . . . . .  45 
Incidence . . . . . . . . . . . . . . .  -. . . . . . . . . . . . . .  . .  0 
Dihedral . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Aileron 

. . .  

span, ft . . . . . . . . . . . . . . . . . .  . - .  , ; . . . . . . .  38.8 
" 

. . . .  . . . .  

I ,  ... 

Area, sq ft . . . . . . . . . . . . .  1. . . . . . . . .  -. . . . . .  37.0 
Travel,  deg . . . . . . . . . . . . .  :. . . . . . . . . . . . . . .  kl.5 " 

Leading-edge  slat - 

span, ft 0 52.7 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Span location,  inboard  end,  percent  b/2 . . . . . . . . . . . .  23.3 
Span location,  outboard  end,  percent by2 . . . . . . . . . . .  89.2 
Chord  (streamwise),  percent  wing  chord; ........ : . . . . . . . . .  20.0 
Rotation, maximum, deg . . . . . . . . . . .  -. . . . . . . . . .  1 5  

Area, sq ft -. -. .- - ; 29.8 . . . . . . . . .  . . . . . . .  . . . . . .  . 
Chord,  percent  wing  chord,  average . ;. . . . . . .  ". . . . . . . . . . .  25.0 

. . .  
Flap I . .  . .  

. . .   . . .  . . .  . . i . .i 

. .  

Eorizontal  tail 
Airfoil  section . . . . . . . . . . . .  !. . . . . . . . . . . .  'NMA 65~003.5 
Total  area, sq ft . . . . . . . . . . .  !. . . . . . . . . . . . .  98.9 

Sweep  at 0.25 chord  line,  deg . . . . .  :. . . . . . . . . . . . . . .  45 
Travel . i  
Leading  edge  up,  deg . . . . . . . . . . . . . . . . . . . . . . . .  10 
Leading  edge down, deg . . . . . . .  I . . . . . . .  i . . . .  20.6 

" 

. . . .  

span, ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . 1 8 . 7  .... . . -  .. 

Vertical  tail . .  

Airfoil  section . . . . . . . . . . . . . . . . . . . .  NACA 654003.5 
Total  area, sq ft . . . . . . . .  : . . . . . . . . . . . . . . .  45.2 
Total area, rudder, sq ft . . . . . . . . . . . . . . . . . . . .  6.3 

Sweep,  de@; . . . . . . . . . . . . . .  ; . . . . . . . . . . . . .  45 
. . .  Spm,ft . . . . . . . . . . . . . . .  ; . . i . . . . ; . . . . . : .  7.9 
. .  I .  . . .  . .  
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N o d  
2 operation 
1 Satisfactory 

3 

Emergency 
loperation 

4 Unsatisfactory 

i. 5 

6 

Excellent,  includes  optimum 
Good,  pleasant t o  f l y  

Satisfactory,  but  with some mildly 

~ ~~~ ~ 

unpleasant  characteristics 

Acceptable,  but  vith  unpleasant 

Unacceptable f o r  n o d  

Acceptable  for  emergency 

characteristics 

operation 

condzition  only1 

NO 7 Unacceptable 
operation 

a 
9 

Unacceptable  even  for  emergency 

Unacceptable - aangerous 
Unacceptable - uncontrollable 
condition1 

PrFmary mission 
accomplished 

Yes 
Ye 6 

Yes 

Ye a 

Doubtful 

Doubtful. 

BO 

NO 

NO 

C a n  be 
landed 

Yes 
Yes 
Yes 

Ye 8 

Yes 

Yes 

Doubtful 

NO 

NO 

'Fafiure of a stability  augmenter. 
~~ 

ti 0 
UI 

. .. . .  
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G m u p  Flaps up Pilot 
Flaps d m -  
Bu: off 

I: 
A 

147 (1.28) Not evaluated E 
lk (1.24) Not evaluated D 

L37-1/2 (1.20) 149 (1.27) C 
149 (1.30) 160 (1.36) B 
149  (1.30) 161 (1.37) 

I1 

Nasvy 
pi lo t s  F Not evaluated 142 (1.24) 

Spread 1 2 4 2  12 

VS 114.3 u7.5 
(camputed from c ~ )  

3pen figures are calibrated airspeed in knots. 

Flaps down- 

136-112  (1.26) 

12 135 (1.24) 

AV 

LI 

BLC on Due flaps 

130  (1.20) l l 4 2  

132-1/2 (1.22) --- 
137 (1.26) ".. 
134-1/2  (1.24) --- 

7 
108.5 3 

12-1/2 

I er 
Figures in parentheses a r e  ratio of approach speed to computed s t a l l  speed (VapP/Vs). 
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F 
F 
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Primary: abFuty to 
arrest siak plus 
lateral s tab i l i ty  and control. 

primary: a b f U w  to 
arrest  sink. 
Ekcm%ry: dlrec- 

visibility, and lmgi 
ti& stabi l i ty ,  

tudinal. stability are 
objectionable. 

i 
primery: a b u t y  to 
arrest sink plus 

T/U low. 

Rot evaluated. 

Hot evaluated. 

Hot evaluated. Primery: lateralad primary: ability to 
directforrsl stability. arrest e m .  
Se-: Lack of 
s p d  atabi l l ty .  

c 
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Figure 2.- Photograph of t e s t  airplane. 
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Figure 3 . -  Photograph of trail--edge boundary-layer control flap. 
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Figure 4.- Cross section of blaring-type flap. 
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Throttle override 
BLC shut-off cut-out switch .. . 

Bleed-air duct 

Throttle override solenoid 

Figure 5.- Schematic d r a w i n g  of bleed-air ducting and control valve. 
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121 I 1  
0 Bleed-air  valve f u l l y ,  open 

L3 Bleed-air  valve  cont'rotled by override H 
IO 

8 

4 

2 

0 
50 60 70 80 90 I O 0  

Engine  speed, - percent a' 
Ffgure 6. - Variation of weight flow of 'Bleed air with k i n e  speed. 
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Figure 7.- Variation of engine static-thrust loss due to bleed air with 
engine speed. 
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Figure 8.- L i f t ,  drag, and mentum coefficient curves;  center of gravity at  0.033. M.A.C.; 
landing gear dowc:. 
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Figure 10. - Variation of f lap lift i n c r a & t  wiih flap angle; u = 12O; 
engine speed = 92 gercent. 
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Figure 11.- L l f t  and drag characteristics with leadlag-edge slats locked  closed; 
engine speed 3 9 percent;  center of gravity at 0.3 M.A.C. 
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Figure 12 .- L i l t  and drag characteristics with leading-edge slats drooped 19'; S, = 4$; z 
engine speed = 92 percent; center of gravity at 0.3 M.A.C . * 
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Figure 13 . -  Varlatlon of lift coefficient wlth momentum coefficient. 
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Figure 15.- Effect of engine speed on lift for a = 12O; 6f = 45O. 
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Figure 17.- Dynamic longitudinal stability characteristfcs. 
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Figure 18. - Aileron mil maaer position &d f o r c e  required for steady 
sideslip; 8f = 450. 
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Figure 19.- Effect of airspeed and aileron  deflection on the r o U a  performance. 
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(b) Variatlan af pb/2V vith aileron deflection. 

figure 19.- Concluded. 
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Figure 20.- Variation of adverse yaw with aileron deflection  during 
aileron roUs;  V 1~ 140 knots. 
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Figure 21.- Lateral oscillataiy characteristics. 
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(b) Variation of the &emping parameter with the rol l lng parameter. 

Figure 21. - Concluded. 
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Figure 23.- Variation at drag and thrust ava3lable along flight  path  with  calibrated  airspeed; 
pressure dtitude = 200 feet,  temperature = 75' F, gross weight = 22,OOO pounds. 
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Figure 24.- Variation of computed take-off distance with-gross weight. 
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Figure 25.- V a r i s t i o n  of ccmplted rate of climb at approach speed with gross weight. 
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Figure 26. - Variation of computed landing 
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